Rationale and Objective. We sought to determine which is more effective in increasing skill in radiograph interpretation: a linear (PowerPoint-style) computer tutorial that locks the student into a fixed path through the material or a branched (Web-style) version that allows random access.
The skill of radiograph interpretation includes recognition of visual features and the use of a procedure to ensure that all relevant information is considered. Students learn this skill through a combination of instruction and practice. Computer tutorials are an excellent medium for this learning since they facilitate aggregation of representative radiograph examples, and they allow novel instructional designs that are more interactive than textbooks or radiology teaching files (1) . There are a large number of online resources and CD-ROM computer tutorials available for this particular skill (2) . Unfortunately, rigorous evaluations of their educational impact are lacking.
These computer tutorials are generally laid out in one of two formats. The first type is a linear PowerPoint style of presentation that is behaviorist in that the goals are prespecified and the path of the student is largely determined ahead of time by the instructor. The behaviorist philosophy specifies that learning best takes place when a desired change in behavior is prespecified (3) (4) (5) . The educator provides a program of instruction specific to named objectives. Typical examples of instructional designs based on this "top-down" philosophy are lectures and programmed instruction. This method has the advantage of being very efficient.
The second type of layout commonly used for computer-based learning materials is a branched nonlinear one typified by most Web sites. Instead of locking the student into a linear sequence, the instructional designer sets up an interface that allows students to pick and choose the content they wish to access and the order in which they do so. This design can be more constructivist in nature when it allows the student to manipulate the materials at will to actively construct his or her knowledge from the materials provided (6) . The emphasis is placed on having the learners discover new knowledge on their own instead of having it presented to them. Examples of designs based on this "bottom-up" philosophy are interactive learning environments (such as computer simulations) and problem-based learning (6) .
The purpose of our study was to determine the effect of presenting an example topic via presentation layouts that are based on these two different philosophies. We held constant the content and basic instructional strategies while varying the overall method of presentation. The students either received programmed instruction via a PowerPoint-style linear presentation, or we presented the material in an interactive learning environment style where the student solved unknown problems with the content available as hyperlinked Web-style reference material.
Using cervical spine radiograph interpretation as an example, our null hypothesis was that if we held content constant, a Web-style (branched) instructional design would not differ from a more behaviorist linear layout in aiding medical students to develop the skill of radiograph interpretation.
METHODS

Participants
Participants were final-year medical students on their pediatrics rotation recruited at one of two sites: the British Columbia Children's and Women's Health Centre and the Morgan Stanley Children's Hospital of New York.
We presented the study to them during their orientation to their rotation. The study material is relevant to their learning goals for the rotation. Following their participation in the study, we debriefed them, gave feedback, and gave them a book gift certificate worth $20. The institutional review boards of both sites approved the study.
Computer Tutorials
We created a computer tutorial entitled "Interpretation of Pediatric Cervical Spine X-rays" using SumTotal Toolbook Instructor (Mountain View, CA). This software is an authoring language specifically developed for creating computer tutorials. Initially, we created the tutorial to accomplish prespecified learning objectives. Specifically, for patients who required cervical spine radiographs (CSXRs) after a traumatic event, we wanted students to be able to use specific visual features to distinguish which radiographs are abnormal. This first tutorial presented the material in a linear fashion like a PowerPoint lecture. We then created a second branched version of the tutorial that centered on identifying abnormalities on unknown images. These contrasting layouts are shown diagrammatically in Figure 1 .
Linear tutorial
This tutorial is made up of 66 consecutively presented screens of text, schematics, anatomical drawings, and radiographs. The material is divided into six chapters: a review of the anatomy and then chapters (alignment, bones, count, dens, soft tissues) describing the steps required to complete the procedure of interpreting a CSXR. Within the first few screens of each chapter, the tutorial presents the students with an unmarked radiograph and asks them to locate the abnormality by pointing with the mouse cursor (termed Unknown Cases). An example of an unknown case is shown in Figure 2 . Feedback is given based on the student's response, and then the tutorial presents expository material reinforcing the learning concept. While the students can go backward and forward, they cannot significantly alter the order of presentation of the material.
Web-style tutorial
In the second tutorial, we used the same 66 screens but presented them differently (Fig. 3) . The tutorial presents the six unknown cases serially while the remaining expository screens are available for access, in any order, behind onscreen links in a vertical frame occupying the lefthand side of the screen. The links group the expository screens by headings similar to the chapter headings of the linear tutorial. In addition, the students are able search the expository screens by key word and have them displayed in a separate window. The feedback screen for each unknown image has a hyperlink to the appropriate section of the content.
Experimental Design
The design of this study was a single-blinded randomized block comparison of the two tutorials using pre-and post-testing. We randomly assigned students to one of the two tutorials. The main outcome measure was the improvement in their ability to correctly classify 10 CSXRs. Secondary outcome measures included their learning efficiency (change score divided by time spent with the tutorial) and a measure of satisfaction. We determined the number of screens accessed by the students as well as their path through the tutorials.
Outcome Measure
To develop the examination, we searched the medical records of the Children's and Women's Health Centre of British Columbia for all patients with a discharge diagnosis ICD-9 coded for cervical spine fracture between 1985 and 2001 (140 cases). Reviewing their charts, we pulled the initial radiographs at presentation for those patients who had a traumatic injury (70 cases, 138 images). We digitized the radiographs and retained those where the radiograph was nonobvious but showed a preoperative bony abnormality documented on the treating radiologist's report (35 images) . From these images, we chose three or more examples, based on their representativeness and clarity, of each of the five major abnormalities addressed in the tutorials for a candidate set of 17 images.
We showed the 17 images to 5 medical students, 10 residents, and five pediatric emergency medicine fellows and recorded the trainees' responses. We calculated item difficulties for each image. Two of us chose the final 7 abnormal images based on which images (a) had progressively increasing scores with increasing trainee level and (b) showed the best discrimination index. We retained a minimum of one image for each of the five major abnormalities.
The objective of a radiologist in examining images from injured patients is to classify the patients into one of two categories: abnormal (potentially injured bone or liga- Figure 1 . Schematic representation of the layouts of the two tutorials. In the linear group, the content of the tutorial was presented using serial screens of information. Unknown images are presented in sequence as one of the first screens for a given section of the tutorial. For example, the "Alignment" section begins with an image for which the key feature was malalignment of the cervical spine. For the Web-layout group, the content of the tutorial was presented using serial unknown images. The tutorial included the same number of unknown images but they were grouped together to form the backbone of the tutorial. Knowledge content could be accessed in any order from any of the unknown images. For each of the unknowns, a hyperlink was included that lead the student to the appropriate section for learning about the given anomaly. The student is asked to click with the left mouse button over a feature that suggests that this radiograph may be abnormal. (b) Second, after the student clicks on the unknown screen, the tutorial first presents a textual explanation of the features. (Fig 2  continues) ments of the spine) or normal. In practice, more than 97% of inspected images are normal (7) . To make our subjects' task more representative of the real-world situation, we mixed in three normal images from children in our practice. We had the final 10 computer images reread by an independent pediatric radiologist blind to the initial radiologist's interpretation. These independent interpretations were all concordant with the initial report.
The study subjects' task was to specify whether a given image was normal or not; if abnormal, they had to specify the exact nature of the abnormality. One can argue that being able to specify that an image is abnormal, without specifying the exact level of the injury, has value because the patient is kept immobilized until a definitive judgment is made by either neuroradiologists or neurosurgeons. We prespecified that we would examine the results using two possible scores for the main outcome variable: (a) score using correct distinction of normal from abnormal and (b) score using correct distinction of normal from abnormal plus specification of the level of the lesion for the seven abnormal images. Our main outcome would be the improvement in test score, using the method of scoring that yielded the most reliable test instrument after item analysis.
Procedure
The study procedure was carried out in a 1-hour session for each medical student group on rotation in the pediatric emergency department at the two institutions. After completing informed consent, the students completed the entire procedure at a single computer workstation. They completed the pretest and then, based on a random number function, the computer program seamlessly randomized the student to one of the two tutorials, thus ensuring allocation concealment. The students completed each phase of the procedure without time constraints. Immediately after completing the tutorial, they reinterpreted the same CSXRs and rated the following statement on a Likert-type scale: "I found this tutorial to be a valuable learning experience."
Data Collection
Research assistants collected the data at the two sites. The students completed the tests and the tutorials in continuously proctored computer labs at individual workstations. The students' interpretations of the images were coded by a research assistant blind to study group assignment. Two attending physicians resolved any disagree- ments. The students' paths through the tutorials were tracked using a custom program that generates timestamped entries to a log file each time the student accesses a new screen. The students' attitudes towards the tutorial was assessed using a "pop-up" question in between two of the questions of the post-test.
Data Analysis
Item scoring
The test was made up of 10 images: 3 normal and 7 abnormal. Students were assigned a 1 for each of the three normal images they correctly classified as normal and a 0 if they incorrectly classified it abnormal. For the 7 abnormal images, each image had only one abnormal visual feature. The students were assigned a 1 for each item where the feature was correctly identified and a 0 if it was incorrectly identified.
Item analysis
We evaluated the items in our examination using classic theory item analysis. For each of the 10 items, we determined the point-biserial correlation (PBC) corrected so that it represents the correlation of the item with the total score with that item removed, as recommended for tests with fewer than 25 items (8). We did not prespecify minimum cutoff values for PBCs but instead proposed to use them to identify items that could be dropped to maximize total test reliability as measured by Cronbach's ␣ (see later). 
Reliability analysis
To determine the reliability of our test, we determined the overall Cronbach's ␣ (unstandardized) of the test using the "stacked" pre-and post-tests according the method of Wright et al. (9) . To create the most reliable instrument possible, we dropped items that had poor PBCs. To determine overall reliability, we calculated the reliability of the subjects' difference scores (post-test score minus pretest score). We used a well-recognized formula based on the individual reliabilities of the examination and the variances of the students' scores (10) . The reliability of difference scores is known to be less than the corresponding single-test reliability coefficient (10) .
Outcome analysis
The test scores were submitted to a mixed-design analysis of variance, with the tutorial assignment as a between-subject variable and the time of test (preϪpost) as a repeated-measure. The secondary measures of interest (number of screens accessed, path followed through the tutorials, and the students' attitudes) are described with the relevant descriptive statistics. Exploratory analyses were conducted to determine whether any of these variables contributed to the degree of changes in accuracy from the pretest to the post-test. Statistical significance of the student satisfaction responses was determined using the 2 distribution, while comparisons of time spent on the tutorials were done with the Student t-test. Number of screens accessed is not normally distributed, so comparisons were made using the Mann-Whitney U test. All analyses were done before unblinding the group assignment. The study is powered to detect a 10% absolute difference in the post-test score between the two groups assuming ␣ ϭ .05, ␤ ϭ .95 and a standard deviation for both groups of 15%. This would require 57 students in each group. We could reasonably expect our withingroups design to result in a more powerful study design than a between-groups design. This made the likelihood of a Type II error small. We calculated the effect size for our measures using Cohen's d (11) . The 95% confidence Intervals are based on the noncentral t-distribution and calculated using the ESCI software (12) .
Student path through tutorial
Each time a student accessed a new page in either tutorial, a line was written to a computer log file listing the time the page was accessed and the title of the page. To determine whether the subjects' paths through the two different tutorials differed, we wrote a Microsoft C# computer program that read in each student's log file and converted it into a one-dimensional grid where each cell represents a single page viewed by the subject. Pages from a given chapter were represented as a single color. For example, pages showing "Unknown" images were black; "Anatomy," red; and so on. This gave us a visual representation of each subject's path through the tutorial, which could then be inspected for qualitative differences.
RESULTS
We carried out the study over a 10-month period beginning September 2002. Over 10 sessions, we enrolled 139 students, 51 at Columbia University and 88 at University of British Columbia. The study flow diagram is shown in Figure 4 . We approached 190 students in total. Seventeen declined to participate. One was excluded because he had previously seen the computer tutorial. Twenty could not complete any part of the program due to a software problem during one session. Thirteen could not finish the protocol during another session when the 
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computer lab was evacuated for a fire alarm. As a result, 139 completed the entire procedure, 69 in the Web-layout group.
Instrument
Item analysis
We calculated the item difficulties and point biserial correlations (PBCs) for all 10 items under the preintervention and postintervention conditions. The item difficulties ranged from ϩ0.07 to ϩ0.57 and were higher (less difficult) in the post-test condition.
We used the PBCs to determine which items to keep for an optimal examination. We noted that there was a considerable difference between images that show an abnormality and distracter normal images. The PBCs for the abnormal images were acceptable ranging from ϩ0.10 to ϩ0.49. They remained approximately the same for both the pre-and post-test. Whereas the seven abnormal images all had positive PBCs, all three normal images had negative PBCs, indicating that subjects who scored highly on the whole examination scored poorly on these items.
Reliability of instrument
The stacked reliability of the 10-item examination was poor at 0.21. Dropping the three items with poor PBCs (i.e., the three normal images) resulted in a considerable improvement of the reliability to 0.71. Unless otherwise specified, all remaining analyses are based on the sevenitem instrument. The reliability of the difference scores using the seven-item instrument was 0.21.
Outcomes
Classifying the images by specific lesion
For the seven-item test, including only the abnormal images, the students significantly improved their pre-to post-test scores from a mean of 0.9 image to almost 4 images read correctly out of seven (overall effect size for computer tutorial 2.1; 95% CI 1.7Ϫ2.5) ( Table 1) .
Our intervention (the layout) did not differentially affect the increase in knowledge from pre-to post-test (effect size for layout: 0.0; 95% CI Ϫ0.39 to ϩ0.27). Improvement for the linear-layout group was 0.8 to 3.9 (of 7), whereas it was 0.9 to 3.9 for the Web-layout group (see Table 1 ).
The tutorial was most effective for teaching the concepts of C1C2 malalignment on the Odontoid view, the measurement of the predental space, and the necessity of fully visualizing all seven cervical vertebrae (see Table  2 ). As discussed in the item analysis section, the reliabilities of the three normal images were poor. Student performance on these images actually degraded after the tutorial going from an average score per item of 0.63 down to 0.31 (effect size Ϫ0.64). 
Classifying the images as normal versus abnormal
When the students only had to specify whether an image was normal or not, their scores were higher but all of the statistical comparisons yielded results of similar magnitude and direction.
Time and learning efficiency
Students randomized to the linear tutorial spent more time on the tutorial (29.5 versus 24.3 minutes; 95% CI diff 2.3Ϫ8.0). The Linear group did considerably more screens than did the Branched group (135 vs. 112; 95% CI diff 7Ϫ40). The mean time per screen was normally distributed and did not differ between the groups, nor was it correlated with knowledge gain. As a result, the learning efficiency [(post-test score minus pretest score)/time on tutorial] of the Branched group was greater (0.12 versus 0.06 mark/min; P ϭ .004).
Subjective rating
As sometimes happens in other walks of life, the less efficient group (linear) seemed happier. They were more likely to rate the tutorial 5/5 on a scale rating their agreement with the statement "I found this tutorial to be a valuable learning experience" (81% versus 55%; P ϭ .002). Only 5 of the 139 students rated the tutorial anything less than a 4 (4 ϭ agree, 5 ϭ strongly agree). Figure 5 is a visual representation of the paths taken by the students through the two tutorials. As expected, the students took substantially different paths through the material depending on the layout. The linear group each did the tutorial in a similar fashion, gradually working through each chapter. In the branched group, there was considerably more heterogeneity in the paths taken. For example, some of the students went through all of the unknown images first and then went through the content, whereas others (fewer than 30%) essentially recreated the linear tutorial by sequentially going through the content screens.
Qualitative analysis of paths
DISCUSSION
There are a large number of computer-based learning materials available for learning radiology interpretation for both undergraduate and postgraduate medical education (13, 14) . Excellent examples include CD-ROMS from the American College of Radiology (15) as well as online materials at several sites (14) , including Aunt Minnie (16), ELERA (17) , and COMPARE (18) . In a survey with a 24% response rate, Angle et al. (19) report that more than 85% of radiology residency programs have some sort of digital teaching file. There have been recent calls to increase the use of PACS systems to generate locally customized teaching databases of digital images (20 -22) .
There are a number of studies of radiology computerbased learning materials (CBLMs). Several radiological trainee satisfaction surveys have shown that trainees are generally positively disposed to online radiology learning (23, 24) although not universally so (25) . Several mediacomparative studies have compared CBLMs with other instructional media. D'Alessandro and colleagues (1, 26) showed as early as 1993 that a radiology computer tutorial could be as efficacious as a lecture, and others have replicated their findings in other radiology education contexts (27) (28) (29) (30) (31) . In general, these studies have shown that computer tutorials can be at least as efficacious as lectures and even small-group sessions in raising test scores. Most have shown good subject satisfaction with CBLMs. Scores represent the proportion of subjects who were able to correctly identify the level and nature of the abnormality. Recent systematic reviews of medical computer-aided instruction confirm this impression (32) (33) (34) . A number of published editorials have suggested that more studies are needed where the comparison is not computer versus other medium but rather the instructional strategies that make computers most effective are uncovered (35, 36) . This avoids a false "either/or" contrast and instead allows us to best blend these different modalities, using each for the particular context for which it is best suited (37) .
We present a comparison of two different computer instructional strategies. Designers of radiology computer tutorials make decisions as to how they were going to layout their materials. At one end of the spectrum are strictly linear teacher-centered presentations where the content is arranged in a series of frames. This is akin to a lecturer working through a series of PowerPoint slides. The advantage of this layout is that it ensures that all of the material is presented using an organizing scheme that may help the student better encode the information (38) . The disadvantage is that it does not allow the student to determine the direction of the instruction according to his or her own prior knowledge and learning needs (39) .
At the other end of the spectrum is the random-access branched design, a good example of which is a reference Web site. Here the student can access any frame of material at any time, in any order. The student can create any path through the material (including a linear comprehensive one) according to his or her needs. The advantage is a customized learning experience. Also, active learning may occur during the creation of the path through the material (40) . The disadvantage is that the extra cognitive work required to generate the path using the interface may make the process less efficient. In addition, the student may not generate a path that includes all of the material required for mastery of the domain (39) .
We created two versions of a computer tutorial to teach medical students the skill of CSXR interpretation in the setting of trauma. Using a randomized block design, we found that the choice of layout did not affect the amount of learning but that the Web-layout group was considerably more efficient in learning.
Some students in the branched tutorial essentially converted the tutorial to a linear one. In these cases, the tutorial logs show a clear resemblance to the tutorial paths for the linear group. However, these cases were in the minority. Indeed, had it been the majority, we would have expected the branched group to take longer to complete the tutorial because they would have had to expend extra cognitive effort to essentially "convert" the layout of the tutorial. In fact, the opposite was the case.
Students in the branched group were more efficient. They required considerably less time and fewer "screen views" to achieve a similar learning outcome. We noted qualitatively that the branched group spent less time on reviewing the basic anatomy of the cervical spine and on the section dealing with the alignment. They viewed the unknown images more often and spent more time with them.
Overall, both versions of the tutorial were effective in increasing the students' skill, with the overall effect size being 2.1 with a 95% CI of 1.7Ϫ2.5. However, the students were still far from a mastery level, with the average student being able to correctly specify the nature of the lesion in only four of seven images. This is in line with published reports of medical student facility with radiological images. For example, Eisen et al. (41) found that medical students could interpret 8 of 20 chest radiographs in a test set correctly for which radiology residents correctly classified 18 of 20. On the other hand, in Lieberman et al.'s (27) study of a computer tutorial against a small-group tutorial, the students' post-test scores in both groups were 7.7 correct of 8 images showing free air. It does not appear that normal images were included in their test, and no item analysis is included.
The students found it more difficult to accurately classify normal images than to spot abnormalities. In fact, the tutorial did not improve their ability to correctly classify normal images at all (effect size ϭ Ϫ0.64). This may be because of the experimental situation, where, by completing a tutorial composed of only abnormal images, the students may be biased to find abnormalities. Bias has been shown to affect the ability of students to detect visual features (42) . On the other hand, this may be due to the novice level of our subjects, as experts have been shown to distinguish themselves specifically in being able to rapidly discount normal findings (43) .
There were several limitations to our study. The resolution of the images viewed by the students were certainly not at the level of a PACS system, being limited to a 1024 ϫ 768 display on 17-inch computer monitors. This was true for both the intervention and the tests. Therefore, the improved skill of the students, and our numerical estimate of it, may not generalize to the realworld setting where more image information is available. Another threat to the generalizability of our findings was that we tested a relatively novice group of learners, as evidenced by their relatively low pretest scores. These results may not apply to residents for example. While the vast majority of eligible students participated, there may have been an element of volunteer bias as we cannot exclude that students who did not participate are somehow different from our participants.
The reliability of our difference-score test was low at 0.21, although the overall reliability was good. While difference score reliabilities are known to be lower than corresponding reliabilities for single-test examinations, this increased measurement error increases the chances that we may have missed an effect of the layout that is indeed there (a Type II error). The wide CI around the effect size for the layout (Ϫ0.39 to ϩ0.27) reflects this uncertainty. Ways to increase the reliability of our examination would be to increase the number of items and to decrease the heterogeneity of the items (i.e., exclude the normal examinations).
Our intervention comprised a specific mix of instructional strategies including the use of unknown images and visual segmentation with text explanations. While we believe that this mix of strategies is fairly representative of what a most instructional designers might use when faced with the same task, we cannot exclude the possibility that different choices of instructional strategies (say, increased use of repetitive practice) might have resulted in a different interaction with the tutorial layout variable that was our main manipulation.
CONCLUSIONS
The implications of our study for instructional designers concerned with the learning of radiology interpretation are the following:
• Both approaches appear to be equally efficacious in improving medical student ability to recognize radiographic features of abnormal CSXRs.
• Learner satisfaction is somewhat higher for the situation where the learning experience is highly programmed. We speculate it may be that students are reassured that they have not missed any significant points.
• In situations where the learner is time pressured (e.g., busy clinical rotations), it may be better to use a random access (Web) design. In this situation, the learners are considerably more efficient.
• Particular attention needs to be paid to demonstrating features of normal images that can be confused with positive findings. Our tutorial was replete with images showing various abnormalities and an approach to systematically identifying those abnormalities. More examples of normal cases may have helped this deficiency.
